Abstract The molecular structure, packing properties, and intermolecular interactions of two structural polymorphs of N-palmitoylethanolamine (NPEA) have been determined by single-crystal X-ray diffraction. Polymorphs a and b crystallized in monoclinic space group P 2 1 /c and orthorhombic space group P bca, respectively. In both polymorphs, NPEA molecules are organized in a tail-to-tail manner, resembling a bilayer membrane. Although the molecular packing in polymorph a is similar to that in N-myristoylethanolamine and N-stearoylethanolamine, polymorph b is a new form. The acyl chains in both polymorphs are tilted by z35°with respect to the bilayer normal, with their hydrocarbon moieties packed in an orthorhombic subcell. In both structures, the hydroxy group of NPEA forms two hydrogen bonds with the hydroxy groups of molecules in the opposite leaflet, resulting in extended, zig-zag type H-bonded networks along the b-axis in polymorph a and along the a-axis in polymorph b. Additionally, the amide N-H and carbonyl groups of adjacent molecules are involved in N-HÁÁÁO hydrogen bonds that connect adjacent molecules along the baxis and a-axis, respectively, in a and b. Whereas in polymorph a the L-shaped NPEA molecules in opposite layers are arranged to yield a Z-like organization, in polymorph b one of the two NPEA molecules is rotated 180°, leading to a W-like arrangement. Lattice energy calculations indicate that polymorph a is more stable than polymorph b by z2.65 kcal/ mol.-Kamlekar, R. K. and M. J. Swamy. Molecular packing and intermolecular interactions in two structural polymorphs of N-palmitoylethanolamine, a type 2 cannabinoid receptor agonist.
N-Acylethanolamines (NAEs) are naturally occurring amphiphilic derivatives of 2-ethanolamine, wherein the amino group is derivatized with a long acyl chain. They appear to be ubiquitous molecules, with their presence in a wide variety of animals, plants, and microbes such as bacteria, fungi, and viruses being well established (1, 2) .
The content of long-chain NAEs and their precursors, N-acylphosphatidylethanolamines (NAPEs), increases quite dramatically in the parent organisms under conditions of stress (3) . For example, both NAEs and NAPEs accumulate in animal tissues during stress conditions such as postdecapitative ischemia in rat brain (4, 5) and traumatic brain injury (6, 7) , and their content increases to very high levels when extensive membrane degradation occurs, such as in myocardial infarction (1, 3, (8) (9) (10) (11) . They also accumulate in a variety of human tumors and surrounding normal tissues. Because NAEs have been also shown to inhibit the growth of different cell lines in vitro, this observation suggests that their accumulation in the tumor tissue may be attributable to the production of NAEs by the adjacent tissues to fight the cancerous growth (12) . These observations have led to the postulate that increases in the levels of NAEs and NAPEs probably are attributable to a stress-fighting response of the parent organisms.
Besides their increased levels in various organisms under conditions of stress, NAEs also exhibit several interesting biological and medicinal properties. It has been shown that N-arachidonylethanolamine (anandamide) acts as an endogenous ligand of type I cannabinoid receptors, inhibits gap-junction conductance, and reduces the fertilizing capacity of sperm (13) (14) (15) , whereas N-palmitoylethanolamine (NPEA) acts as an agonist for the type 2 cannabinoid receptor CB-2 (16) . N-Myristoylethanolamine (NMEA) and N-lauroylethanolamine are secreted into the culture medium of tobacco cells when challenged by the fungal elicitor xylanase (17) . NAEs also exhibit antiinflammatory, antibacterial, and antiviral properties, which have considerable application potential (1, 18) .
Besides the interesting biological properties exhibited by them, NAEs and NAPEs may also be useful in developing liposomal formulations for drug delivery and targeting, in view of their ability to stabilize bilayer structure; especially, N-palmitoyl phosphatidylethanolamine has been shown to stabilize liposomes even in the presence of human serum (19) (20) (21) .
In view of their interesting biological properties, putative role in the stress-combating response of organisms, therapeutic potential in treating bacterial, fungal, and viral infections, and potential in developing liposomal drug-delivery vehicles, it is important to carry out systematic investigations on NAEs and NAPEs directed at understanding their metabolism, physicochemical properties (e.g., phase transitions and supramolecular structure), and interaction with other membrane lipids and proteins. Considerable work has already been done on the metabolism of NAPEs and NAEs, and it has been shown that the former are continuously synthesized by a calcium-and energy-dependent transacylase and are hydrolyzed by a phospholipase D-type enzyme to phosphatidic acid and NAEs, which are further degraded by fatty acid amidohydrolase (3, 22) . More recently, it has been demonstrated that NPEA and anandamide can also be synthesized by the sequential action of phospholipase A 2 and lysophospholipase D on NAPEs (23) . Several of these enzymes involved in the biosynthesis and degradation of NAPEs and NAEs have been purified, characterized, and cloned (23) (24) (25) .
In earlier studies, we investigated the chain-melting phase transitions of homologous series of these two classes of compounds by differential scanning calorimetry (DSC), which indicated that the longer chain length NAEs exhibit one or two minor transitions before the main chainmelting phase transition, suggesting that they exhibit structural polymorphism in the solid state (8, (26) (27) (28) . Additionally, we have also reported the crystal structure of NMEA and analyzed the intermolecular interactions and molecular packing in the crystal lattice (29) . Studies using DSC, fast-atom bombardment mass spectrometry, and computational modeling have indicated that NMEA forms a 1:1 (mol/mol) complex with cholesterol (30) . In another study, the interaction of NPEA with dipalmitoylphosphatidylcholine was investigated by DSC, 31 P-NMR, and smallangle X-ray scattering (31) . Here, we report single-crystal X-ray diffraction studies on two structural polymorphs of NPEA (designated a and b) and analyze the molecular packing and intermolecular interactions in the crystal lattice. Although in both polymorphs the molecular structure of NPEA is similar to that observed earlier with NMEA and N-stearoylethanolamine (NSEA), in the b polymorph, which is a new crystal form of NAE, the molecules pack in a different way. However, the hydrogen bonding pattern is remarkably similar in both forms.
MATERIALS AND METHODS

Materials
Palmitic acid was purchased from Sigma (St. Louis, MO). Oxalyl chloride was from Merck. Ethanolamine was obtained from Ranbaxy (Mumbai, India). Palmitic acid was converted to palmitoyl chloride by treating with 4 mol equivalents of oxalyl chloride according to the procedure described previously (32) . NPEA was synthesized by the reaction of palmitoyl chloride with ethanolamine and characterized by thin-layer chromatography and infrared spectroscopy as reported earlier (26) . All solvents were distilled and dried before use.
Crystallization and X-ray diffraction
Thin plate-type colorless crystals of NPEA were grown at room temperature from isobutanol. A crystal of 0.03 3 0.42 3 0.50 mm was used for the data collection. Diamond-shaped, colorless crystals of NPEA were grown at room temperature from a 1:1 (v/v) mixture of dichloromethane and toluene containing a trace of ethanol. A crystal of 0.24 3 0.14 3 0.12 mm was used for data collection in this study. As will be discussed below, these two types of crystals gave two different polymorphic structures. Therefore, henceforth, they will be referred to as polymorph a and polymorph b, respectively. X-ray diffraction measurements were carried out at room temperature (z258C) with a Bruker SMART APEX charge-coupled device area detector system using a graphite monochromator and Mo-Ka (l 5 0.71073 Å ) radiation obtained from a fine-focus sealed tube.
Structure solution and refinement
For polymorphs a and b, the data collected in the range of u 5 1.412268 and u 5 1.412258, respectively, were used for structure solution. Data reduction was done using the Bruker SAINTPLUS program. Structure solution was carried out in the monoclinic space group for a and the orthorhombic space group for b. Absorption correction was applied using the SADABS program. The structures were solved successfully by direct methods in the space groups P 2 1 /c for a and P bca for b. In both cases, refinement was done by full matrix least-squares procedure using the SHELXL97 program (33) . For polymorph a, the refinement was carried out using 2,264 observed [.2s (F o )] reflections and converged into a final R 1 5 0.058, wR 2 5 0.1604 with goodness of fit 5 1.032, whereas for polymorph b, 2,679 observed [.2s (F o ) ] reflections upon refinement converged into a final R 1 5 0.0978, wR 2 5 0.2635 with goodness of fit 5 1.036. For both structures, two hydrogen atoms, the amide N-H and hydroxyl O-H, were refined isotropically, whereas all of the carbon atoms and heteroatoms (N and O) were refined anisotropically. All hydrogen atoms on the acyl chains and other carbon atoms were included in the structure factor calculation with fixed thermal parameters at idealized positions but were not refined. 
Crystal parameters of NPEA
Lattice energy calculations
Lattice energy calculations for polymorphs a and b were performed using the COMPASS force field in the Cerius 2 suite of programs (Accelrys, Inc., San Diego, CA; http://www.accelrys. com). Lattice energies were reported after normalizing the values obtained for a single molecule.
DSC
Differential scanning calorimetric scans were recorded on a TA Instruments Universal V2.6D differential scanning calorimeter. Samples of dry NPEA (z1-2 mg) were loaded into aluminum sample pans covered with aluminum lids and sealed by crimping. Reference pans were prepared in a similar manner but without any sample in the pan. DSC measurements were performed by heating the samples at a scan rate of 0.58C/min or 1.58C/min. Transition enthalpies (DH t ) were estimated by integrating the areas under the peaks corresponding to the individual transitions. Transition entropies (DS t ) were determined from the transition enthalpies according to the expression (34):
RESULTS AND DISCUSSION
Description of the structure
The molecular structure of NPEA as found in polymorph a is shown in the Oak Ridge thermal ellipsoid plot (ORTEP) plot given in Fig. 1 , along with atom numbering for all of the nonhydrogen atoms. The atomic coordinates and equivalent isotropic displacement parameters for all nonhydrogen atoms and the two hydrogen atoms on heteroatoms (N-H and O-H) are given in Table 1 . The bond distances, bond angles, and torsion angles involving all of the nonhydrogen atoms are given in Tables 2, 3 , and 4, respectively. From the data presented in Table 4 , it is seen that the torsion angles observed for the acyl chain region, excepting the C1-C2-C3-C4 angle, which is 68.138, are all close to 1808, clearly indicating that the hydrocarbon portion (C3-C16) of the acyl chains is in an all-trans conformation (Fig. 1) . The gauche conformation at the C2-C3 bond results in a bending of the molecule, giving it an L shape. The carbonyl group and the amide N-H are also in trans geometry. The molecular structure of NPEA observed here is very similar to the structures of NMEA and NSEA reported previously (29, 35) .
NPEA adopts an essentially similar structure in the b polymorph, which is a new structural form of NAE. Only very minor differences were seen between the molecular features of NPEA in these two polymorphs, although certain distinct differences are seen in the molecular packing between the two polymorphs, which are discussed below. For example, the C1-C2-C3-C4 torsion angle in polymorph b is found to be 66.98, which is very close to the value of 68.138 mentioned above for polymorph a and the value of 68.58 for the corresponding torsion angle in the crystal structure of NMEA (29) . The atomic coordinates and equivalent isotropic displacement parameters for all nonhydrogen atoms in polymorph b are given in Table 5 . The bond distances, bond angles, and torsion angles involving all of the nonhydrogen atoms are given in Tables 6, 7 , and 8, respectively.
Molecular packing
Packing diagrams of NPEA along the c-axis and b-axis in polymorph a are shown in Fig. 2A , B, respectively. The NPEA molecules are packed head-to-head (and tail-to-tail) in stacked bilayers. As will be discussed in greater detail below, the hydroxy groups from opposite layers form O-HÁÁÁO hydrogen bonds, which, together with N-HÁÁÁO hydrogen bonds between adjacent molecules in the same leaflet, appear to drive the formation of such bilayer-like supramolecular arrangement. The methyl ends of the stacked bilayers are in van der Waals contacts, with the closest methyl-methyl (C16-C16) distance between opposing layers and within the same layer being 3.922 and 4.885 Å , respectively.
The bilayer thickness (O2-O2 distance) in the a polymorph is 45.57 Å , and the all-trans acyl chains are tilted by 34.58 with respect to the bilayer normal. This is identical to the tilt angle in NSEA and very close to that observed in NMEA (378) (29, 35) . Other long-chain molecules such as long-chain carboxylic acids and n-alcohols also pack in a bilayer form with tail-to-tail hydrocarbon alignment with tilted chains (36) .
Packing diagrams corresponding to the b polymorph of NPEA along the b-axis and a-axis are given in Fig. 2C , D, respectively. Similar to the a polymorph, the NPEA molecules are packed in a tail-to-tail manner akin to that found in a lipid bilayer in this polymorph, with O-HÁÁÁO hydrogen bonds between the hydroxyl groups from opposite layers. However, a very significant difference is seen in the alignment between the opposing leaflets. Although in polymorph a the L-shaped NPEA molecules in opposite layers are arranged to yield a Z-like shape, in polymorph b one of the two NPEA molecules is rotated by z1808, such that the organization of two molecules yields a W-like shape. This is shown schematically in Fig. 3 . Despite this difference in the orientation of the acyl chains with respect to polymorph a, the hydrogen bonding network involving the amide N-H and carbonyl groups of adjacent molecules in polymorph b is remarkably similar to that in polymorph a. In addition, the b form contains eight mol-TABLE 4. Torsion angles (degrees) for the a form of NPEA 
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1.520 ( (17) 110.84 (16) ecules of NPEA in the orthorhombic unit cell. This is because the hydrogen bonded leaflets in polymorph b are arranged in two different orientations (as seen in Fig. 2C) ; whereas the methyl termini of the upper two layers in the unit cell point to the left, the methyl termini of the lower pair of layers point to the right. The distance between the terminal methyl groups (C16-C16) of the bilayer in polymorph b is 3.918 Å , whereas that between adjacent molecules in the same layer is 4.898 Å . These values closely match the corresponding values obtained for the a polymorph, as mentioned above.
In an earlier study, Lambert and coworkers (37) studied the polymorphism of NSEA by DSC, powder X-ray diffraction, and Fourier transform infrared spectroscopy. Although the polymorph observed in the crystal structure of NSEA [which is similar to polymorph a of NPEA (35)] was identified by them as the most stable one, based on powder diffraction and Fourier transform infrared data, they proposed that two other polymorphic forms differ from this form in the chain tilt angles and chain mobility, with the head group region remaining essentially unaltered (see Fig. 6 in 37) . Our present results, however, indicate that reorientation of the acyl chain region in one layer with respect to the opposite layer, as shown in Fig. 3 , resulting from a rotation of the NAE molecules by 1808, would most likely lead to the conversion of the stable form (polymorph a) to a second form (polymorph b). Although our results are obtained with NPEA, similar conversion is highly likely in the other long-chain NAEs as well, especially NMEA and NSEA for which an equivalent to the a polymorph has been observed by single-crystal X-ray diffraction.
Besides the similarities in the hydrogen bonding patterns between the two polymorphs, the bilayer thickness and angle of tilt of the acyl chains are also very similar. Thus, in polymorph b, the O2-O2 distance is 45.2 Å and matches very well the distance of 45.57 Å observed in 
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Subcell structure
The hydrocarbon chains in lipid crystals adopt a variety of lateral packing modes, which may be described by subcells that specify the relations between equivalent positions within the chain and its neighbors. Analysis of a large number of lipid crystal structures has shown that the chainpacking modes fall into a relatively small number of hydrocarbon subcells with triclinic, monoclinic, orthorhombic, and hexagonal symmetry and that their polymethylene planes can be mutually parallel or perpendicular with respect to their neighbors (38, 39) . The subcells have been further divided into simple and hybrid types, with the latter type involving more than two different asymmetric units in a subcell. Examination of the hydrocarbon chain packing in the a and b polymorphs of NPEA revealed that the subcells in both of these polymorphs are of the orthorhombic type (O'?) in the P bnm space group. The unit cell dimensions of these subcells are as follows: a Crystal structures of N-palmitoylethanolamine polymorphstwo molecules are attributable to the very high tilt angle of the acyl chains with respect to the bilayer normal (43) (44) (45) .
Hydrogen bonding and intermolecular interactions
The molecular packing in the crystal structure of NPEA was examined from various angles to understand the intermolecular interactions. Results obtained for polymorph a, which is similar to the crystal structure of NMEA (29) , will be presented first, and then the results from the analysis of polymorph b will be discussed in comparison.
The hydrogen bonding pattern observed in the crystal lattice of polymorph a is shown in Fig. 4 . Figure 4A gives a view of the molecular packing together with the hydrogen bonds between hydroxyl groups in the opposite leaflets as well as those between the amide hydrogen and the carbonyl oxygen atoms of adjacent layers in the same leaflet of the bilayer. In Fig. 4B , a detailed picture of the hydrogen bonding pattern is shown, viewed along the b-axis. The O-HÁÁÁO hydrogen bonds form an extended, zig-zagtype network along the b-axis, with each O-H group being involved in two hydrogen bonds with proximal hydroxyls, one as donor and the other as acceptor. In each unit cell containing four NPEA molecules organized in a bilayer, the hydroxy group of each molecule forms one hydrogen bond within the same unit cell and a second hydrogen bond with another molecule of NPEA in an adjacent unit cell along the b-axis. All of the O-HÁÁÁO hydrogen bonds in the a polymorph are 2.701 (2) Å in length, with the HÁÁÁO distance and the angle subtended at the hydrogen atom being 1.73 Å and 1698, respectively.
Besides the hydrogen bonds between the hydroxy groups, strong hydrogen bonds are also formed between the amide N-H and carbonyl oxygen of adjacent NPEA molecules along the b-axis. The carbonyl oxygen atoms of adjacent molecules point in opposite direction, thus providing the appropriate juxtaposition of the amide carbonyl and hydrogen atoms to interconnect adjacent molecules by hydrogen bonds. All of these hydrogen bonds are again identical, with an N-O distance of 2.836 (2) Å , a HÁÁÁO distance of 1.84 Å , and an N-HÁÁÁO angle of 1678. Figure 4B clearly shows that the O-HÁÁÁO hydrogen bonds form an extended network along the b-axis, which stabilizes the bilayer-type packing in the crystal lattice. The hydroxy groups are arranged in a zig-zag network, with the angle between two hydrogen bonds (O2-O2-O2 angle) being 129.58. This is essentially identical to the value of 129.48 observed for the corresponding O1-O1-O1 angle in the crystal structure of NMEA (29) . The N-HÁÁÁO hydrogen bonds join adjacent NPEA molecules in the same plane along the b-axis. Although the N-H group of each NPEA molecule forms a hydrogen bond with another NPEA molecule in the adjacent unit cell on one side, the carbonyl oxygen of the same molecules forms a hydrogen bond with the amide N-H of another NPEA molecule in the adjacent unit cell on the other side (Fig. 4A) .
Hydrogen bonding patterns observed in polymorph b are shown in Fig. 5 . Figure 5A shows both the packing arrangement and hydrogen bonding in polymorph b. In the unit cell containing eight NPEA molecules in two headto-head bilayers stacked one above the other, the hydroxy group of each molecule forms one hydrogen bond within the same unit cell and a second hydrogen bond with another molecule from one of the adjacent unit cells along the a-axis. A comparison of Fig. 5B with Fig. 4B clearly shows that despite the significantly different arrangement of the acyl chains in the opposite leaflets of the bilayer arrangement, the hydrogen bonding pattern in the b polymorph is very similar to that observed in the a polymorph. All of the O-HÁÁÁO hydrogen bonds in polymorph b of NPEA have the same HÁÁÁO distance of 1.75 Å , and the distance between the two oxygen atoms is 2.699 (6) Å . These hydrogen bonds are also nonlinear, with the angle between the covalent bond and the hydrogen bond being 1608.
In polymorph b, the hydrogen bonds between the amide N-H and carbonyl oxygen of adjacent NPEA molecules are seen along the a-axis. Here, the distance between hydrogen bonded carbonyl oxygen and the amide hydrogen atom is 1.89 Å and the NÁÁÁO distance is 2.823 (4) Å . The angle between the covalent bond and the hydrogen bond (N-HÁÁÁO angle) is 1528, which deviates significantly from linearity and hence is expected to be somewhat weaker compared with the N-HÁÁÁO hydrogen bonds in the a polymorph.
Similar to the a polymorph (Fig. 4B) , the O-HÁÁÁO hydrogen bonds in polymorph b also form extended zig-zag networks (Fig. 5B) , which stabilize the bilayer arrangement. These networks are seen along the a-axis, and the angle between the two hydrogen bonds (O2-O2-O2 angle) at each oxygen atom is 130.38. The N-HÁÁÁO hydrogen bonds connect the adjacent NPEA molecule in the same plane along the a-axis. The amide N-H group of each NPEA molecule forms a hydrogen bond with another molecule in the adjacent unit cell on one side, whereas the carbonyl oxygen atom from the same molecule is involved in another hydrogen bond with the amide N-H of an NPEA molecule in the unit cell on the other side (Fig. 5B) . As seen clearly in Figs. 4B and 5B, the interconnecting hydrogen bonds at the head-to-head bilayer interface result in the formation of 14 membered loops. Each loop contains one N-HÁÁÁO hydrogen bond and two O-HÁÁÁO hydrogen bonds. Two adjacent molecules of NPEA in each leaflet, which are connected by an N-HÁÁÁO hydrogen bond, and one NPEA molecule from the opposite leaflet, which forms one hydrogen bond each with these two NPEA molecules via its hydroxy group, are involved in the formation of the 14 membered, hydrogen bonded loop.
Lattice energy calculations
The lattice energy of polymorphs a and b was computed using the COMPASS force field in the Cerius 2 program package to estimate their relative energies. These calculations yielded an overall energy of 246.53 kcal/mol for the a polymorph, which is made up of 239.61 kcal/mol van der Waals energy and 26.92 kcal/mol electrostatic energy. For the b polymorph, the overall computed energy is 243.88 kcal/mol, with the van der Waals and electrostatic components being 239.63 and 24.25 kcal/mol. These results indicate that the crystal lattice energy of polymorph a is lower than that of polymorph b by z2.65 kcal/mol, which appears to be arising solely from the electrostatic component. Because the N-HÁÁÁO bond angle is significantly lower in the b polymorph compared with the a polymorph (1678 vs. 1528), it is likely that this difference can be largely accounted for by the weaker N-HÁÁÁO hydrogen bond in the former.
DSC
Previous DSC studies from this laboratory have shown that, based on the thermal history, NPEA and other longchain NAEs give one or two minor transitions before the major chain-melting transition, which were attributed to solid-solid phase transitions, indicating structural polymorphism (29) . To investigate this further, additional DSC experiments were carried out. Thermogram a in Fig. 6 gives the first heating scan of the a form of dry NPEA, and thermogram b gives the cooling scan obtained immediately Crystal structures of N-palmitoylethanolamine polymorphsafter the heating. Thermogram c corresponds to the second heating scan of the same sample. The first heating scan shows three endothermic transitions at z76.8, 86.2, and 97.38C, with enthalpies of 3.1, 1.3, and 11.3 kcal/mol, respectively, and the enthalpy of transition 3 is in good agreement with the value of 11.54 kcal/mol reported previously for the melting transition of NPEA (29) . These results show that NPEA exists in at least three polymorphic forms in the solid state: polymorph I exists below transition 1, polymorph II exists between transitions 1 and 2, and polymorph III exists between transitions 2 and 3. Because the DSC scans were performed with the a polymorph, these results establish that polymorph I is the same as the a form. Heating the a polymorph to 808C and 908C (i.e., to temperatures above transitions 1 and 2, respectively), followed by cooling to room temperature and then reheating, gave thermograms that are identical to thermogram c (Fig. 6) . This shows that transition 1 is not reversed once it is completed irrespective of whether transitions 2 and 3 are also completed, whereas transition 2 could be readily reversed by cooling from a temperature below transition 3 or above it. These observations suggest the polymorph II is metastable at room temperature.
The enthalpy value of 3.1 kcal/mol for transition 1 occurring at z778C (thermogram a, Fig. 6 ) is in good agreement with the energy difference of 2.65 kcal/mol between the a and b polymorphs obtained from lattice energy calculations described above and suggests that polymorph II is most likely the b form.
It has been suggested that NAEs may stabilize the bilayer structure of diacyl phosphatidylethanolamines because the addition of NAEs, such as N-lauroylethanolamine and N-oleoylethanolamine, to egg phosphatidylethanolamine shifted its bilayer-inverse hexagonal phase transition to higher temperatures (19) . This study, together with earlier studies on the crystal structures of NMEA and NSEA, suggests that such stabilization is probably driven by the strong tendency of the NAEs to form a bilayer structure. This is further strengthened by the observation of bilayer arrangement in both the polymorphic forms of NPEA. Because intermolecular hydrogen bonds between the head groups of neighboring molecules are found in the crystal structures of phosphatidylethanolamines (43, 44) as well as in all of the NAEs for which crystal structures are known, namely NMEA (29), NSEA (35) , and NPEA (this study), it appears likely that hydrogen bond formation between phosphatidylethanolamine and NAE may play an important role in such stabilization. Currently, we are investigating the mixing properties of NAEs and phosphatidylethanolamines to understand their interaction at the molecular level.
Conclusions
The crystal structure of NPEA has been solved in two different polymorphic forms (a and b) by single-crystal X-ray diffraction. In both polymorphs, the NPEA molecules adopt a bilayer-type arrangement with tail-to-tail chain packing. This supramolecular organization is governed primarily by strong intermolecular hydrogen bonds between the hydroxy groups of NPEA molecules in opposite leaflets as well as between the amide N-H and C5O groups of adjacent molecules in the same leaflet, with the van der Waals forces between acyl chains providing further stabilization. Although the molecular structure as well as the crystal packing arrangement of NPEA in polymorph a with the P 2 1 /c space group are very similar to the corresponding features in the crystal structures of NMEA and NSEA reported previously, the crystal packing of NPEA molecules in polymorph b with the P bca space group, which is a new form, differs from that in polymorph a. In polymorph a, the supramolecular organization of the bent NPEA molecules in opposite layers yields a Z-like shape, whereas in polymorph b, one of the two NPEA molecules in this organization is rotated by z1808, such that the two molecules are now arranged in a W shape. Despite these differences, the hydrogen bonding patterns in the two polymorphs are very similar. Packing energy calculations indicate that the a polymorph is more stable than the b polymorph by z2.65 kcal/mol, which is comparable to the enthalpy of transition 1 seen in the DSC thermograms of the a form of dry NPEA. Finally, this study firmly establishes the existence of different polymorphic forms in NAEs, which was suggested earlier based on DSC studies, and provides a comparison of the structures of two polymorphic forms of NPEA together with a possible mechanism for their interconversion.
